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Study of monolayer polymerization using nonlinear optics 
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Optical second harmonic generation has been used to study the polymerization of a monolayer 
of vinyl stearate or octadecyl methacrylate spread at the air/water interface. Rapid 
polymerization occurred when monolayers were irradiated with ultraviolet light, while some 
slower polymerization occurred when certain redox initiators were added to the water 
subphase. Information regarding polymerization kinetics and the orientation of molecules at 
the interface were also obtained using this method. 
INTRODUCTION 
Polymerization in monomolecular layers has attracted 
widespread interest in both basic and applied research. As 
well as being employed in microlithography, 1 microelec-
tronics, 2 and synthetic lipids,3 monolayer polymerizations 
are offundamental interest since their reactivity and kinetics 
may be studied under controllable and variable conditions of 
molecular separation and orientation.4 
Unfortunately, such studies have been limited due to a 
lack of techniques sufficiently sensitive and selective to 
probe adsorbate monolayers on surfaces. However, it has 
been demonstrated in recent years that nonlinear optical 
techniques such as second harmonic generation (SHG) are 
particularly suitable in this regard. 5·6 The applicability of 
SHG arises from its submonolayer sensitivity and high sur-
face specificity for adsorbates on isotropic or centrosymme-
tric substrates. 
Second harmonic generation arises from a nonlinear po-
larization Pinduced in a medium at frequency 2w, given by5 
P(2w) = X(21E(w )E(w) I (1) 
where x(21 is a second order nonlinear susceptibility. The 
signal strength is generally proportional to IP( 2w) 12. The 
surface specificity ofSHG is a result of the symmetry proper-
ties of x(Z) which vanishes (under the electric dipole approxi-
mation) for a centrosymmetric medium. Since inversion 
symmetry is broken at an interface, X(21 #0 and an SHG sig-
nal can be expected to originate from the surface layer.5 
Thus, SHG can be used to study adsorbates on a substrate. 
We report here a study, using SHG, of monolayer poly-
merization at an air-water interface. We have studied two 
materials (see Fig. 1), vinyl stearate (VS) and octadecyl 
methacrylate (ODMA). They were chosen because of their 
ability to spread as monolayers on water, and to polymerize 
upon irradiation with ultraviolet light.4·7- 11 Apart from the 
inherent surface specificity of SHG, this technique has an 
additional advantage in the present experiment; namely that 
it can be performed directly and nondestructively at the air-
water interface. This is in contrast to earlier infrared studies 
of these systems, 12- 14 in which the monolayers had to be 
transferred onto a suitable solid substrate for analysis. 
EXPERIMENTAL 
The materials used in this study were of commercial 
origin. Vinyl stearate ( Chemtech Research Inc.) and octa-
decyl methacrylate (Sartomer) monomers were both puri-
fied according to published methods. 11·15 Commercial sam-
ples of the polymers of these materials (Aldrich) were used 
without further purification. 
The experimental apparatus has been described else-
where16; it consists of focusing the frequency doubled output 
( 532 nm) of a Q-switched, mode-locked Nd-Y AG laser 
onto a Langmuir trough on which the monolayer is spread, 
and detecting the 266 nm photons in the reflected ouput. 
Since the average number of photon counts detected per la-
ser pulse was less than one, the signal was averaged over at 
least 4 X 104 pulses. 
Monolayers were spread by pipetting an appropriate 
volume of a petrol ether solution and allowing the solvent to 
evaporate. It was verified that the solvent left no residue 
causing additional SHG. 
Samples were polymerized by placing a Pen Ray ultra-
violet source (Ultraviolet Products Inc., San Gabriel, CA) 
approximately 15 em above the water surface. During irra-
diation the monolayer area was kept constant and the Lang-
muir trough was enclosed in a Plexiglass box and kept under 
nitrogen. The far UV intensity on the water surface was esti-
mated to be 40 f1W /cm2. 
0 
H II CH =~ c VINYL STEARATE (VS) 
2'""'-/"'-0 c,sH37 
/CH3 CH =C 0 OCTADECYL METHACRYLATE 
2 \;; / ""c H cooMA) 6 18 37 
FIG. I. Monomers used in this study. 
7374 J. Chern. Phys. 85 (12). 15 December 1986 0021-9606/86/247374-03$02.10 @ 1986 American Institute of Physics 
Downloaded 19 Jun 2008 to 131.174.20.161. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
Berkovic, Rasing, and Shen: Monolayer polymerization 7375 
All experiments were performed at room temperature 
c2o ± 1 ·c). 
RESULTS AND DISCUSSION 
As a first step we compared the SHG signals from pure 
water and VS monomer and polymer monolayers on water. 
The number of second harmonic photons detected per unit 
time S is given by 
s (X Jx<2lJ2, (2) 
where x<21 is the second order nonlinear susceptibility. A 
pure water surface has a nonnegligible susceptibility Xw 
while for an adsorbate covered surface x<21 = x~> + x_!2>, 
where x_! 2> is the susceptibility ofthe adsorbate layer. 17 
Vinyl stearate was spread on water to give a surface den-
sity of 27 tV /molecule. This surface density, which is about 
30% less dense than that of a close packed monolayer, leads 
to the most efficient polymerization at constant area due to 
the lack of steric hinderance between adjacent mon-
omers.4·18 As shown in Table I, the second harmonic intensi-
ty generated from this surface was about 2.6 times that of the 
pure water surface. For a monolayer of authentic poly-VS at 
the same surface area per monomeric unit, the SHG was 1.8 
times that of water. Thus, the SHG signal clearly differenti-
ates between a pure water surface, and monomer and poly-
mer monolayers on water. Furthermore, after the monomer 
monolayer was irradiated by ultraviolet light for 2 h, the 
SHG signal became very close to that of the authentic poly-
mer monolayer, suggesting that essentially complete poly-
merization had taken place. 
Table I also shows a similar observation for ODMA. 
The signals from a monolayer of monomer and polymer 
molecules are clearly different, and after UV irradiation of 
the monomer monolayer, the SHG signal closely corre-
sponds to that of the polymer monolayer. 
We also note here that although the incident laser radi-
ation at 532 nm was intense enough to enable observable 
SHG, it was insufficient to initiate polymerization via multi-
photon absorption. This was deduced from the fact that the 
TABLE I. Relative intensities of second harmonic generation from a water 
surface covered with various monolayers. All experiments were performed 
as follows: Input angle of incidence = 60'; input laser polarization = 45' 
from plane of incidence. (The SHG intensities in this table represent total 
SHG detected, i.e., the output was not resolved into polarization compo-
nents.) 
Monolayer 
Water only 
vs• (27 .. V;molecule) 
Poly VS (27 A?/monomeric unit) 
VS monolayer after UV irradiation 
Water only 
ODMAb (26 A2/molecule) 
Poly ODMA (26 A2/monomeric unit) 
Poly ODMA after UV irradiation 
• VS = vinyl stearate. 
&ODMA = octadecyl methacrylate. 
Relative SHG intensity 
100 
260 
170 
180 
100 
370 
220 
250 
SHG signal from monomer monolayers was unchanged dur-
ing prolonged laser irradiation. 
The observation that, in our case, SHG from monomers 
is larger than that of their corresponding polymers can be 
understood as follows: Second order optical nonlinearity of 
molecules arises mainly from chemical bonds in which the 
electron distributions are more readily distorted by optical 
excitation. 19 In VS and ODMA the 1T electrons in the double 
bonds are likely to dominate the nonlinearity. Since the poly-
merization process breaks a carbon-carbon double bond the 
optical nonlinearity decreases. It thus may also be expected 
that SHG from bulk and surface polymerized samples of the 
same polymer should be essentially the same, although their 
molecular weight distributions may be different. 
The kinetics of the polymerization could be determined 
by monitoring the second harmonic signal S as the reaction 
proceeded (see Fig. 2). For kinetic analysis, a quantity pro-
portional to 8, the fraction ofunreacted monomers, must be 
extracted from the data. This is done as follows: 
s I/2(Xi2' = x~2> + x?> 
= x~2 > +ex~>+ o- O)x~2 >, (3) 
where x~> and x?> are the second order nonlinear suscepti-
bilities of a full monolayer of monomer and polymer, respec-
tively. After some simple algebra, we find 
eu> (Xx<2'<t)- x<z'< oo > = s l/2<n- s 1/2< oo), (4) 
whereS( oo) andi21 ( oo) are the SHG signal and the suscep-
tibility at t--+ oo when the polymerization is complete. 
The polymerization should follow some rate law: 
(5) 
For this type of polymerization, both second order4 
( 8 - 1 (X t) and first order10 (ln ()(X t) kinetics have been pro-
posed; the different rate laws may arise if during the reaction 
the concentration of reactive radicals is proportional to 8, or 
quasiconstant, as a result of various chain termination pro-
cesses.20 A kinetic equation where n = 3/2 (8 - 112 (X t) is 
also possible. 20 In all cases, the best fit to the kinetics should 
be found in the initial stages of the reaction, since some devi-
ation may occur as the reaction nears completion due to the 
entrapment of unreacted monomers inside polymer chains, 
and a large increase in surface viscosity10 when polymeriza-
tion is nearly complete. 
Figure 2 shows the raw data S(t) as well as attempts to 
fit the data using Eqs. (4) and (5 ). Both n = 1 and n = 2 in 
Eq. (5) appear to satisfactorily describe the experimental 
results. Thus the data are not accurate enough for us to clar-
ify the kinetic behavior. This question should be more easily 
resolvable in a system exhibiting a larger change in SHG 
during polymerization. 
It has also been reported that monolayer polymerization 
of vinyl stearate may be accomplished by addition of a redox 
initiator (NH4)2S20 8/NaHSO/ or K2S20 8 18 to the water 
subphase. However, the two reports differ markedly with 
respect to the polymerization time. The first report, 7 which 
used the mixed initiator and monitored the surface pressure 
during reaction, claimed that polymerization was complete 
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FIG. 2. The relative SHG intensity (S) is plotted against irradiation time 
for UV polymerization ofODMA. The data (e) can be fitted satisfactorily 
by both first order ( · · · ) and second order (- - -) kinetics (see the text) . 
All experimental data points have the same uncertainty, although error bars 
for most points have been omitted for clarity. 
within 1 h. The second report, 18 using only K2S20 8 as initia-
tor and monitoring surface viscosity, found a reaction rate 
slower by about two orders of magnitude. We have repeated 
these measurements using SHG as the probe. We observed 
that using either initiator system, the SHG signal decreased 
by not more than 10% from the monomer value over a peri-
od of 4 h, indicating a very slow reaction, in better agreement 
with the rate reported in the second publication. 18 
It has been shown5 that in certain cases, the polarization 
dependence of the SHG signal can be used to determine the 
average orientation of molecules at interfaces. We found, in 
our case, that both monomers generated a second harmonic 
signal having the s-polarized component stronger (by a fac-
tor of about 2) than the p-polarized component. However, 
SHG from both polymers was p polarized. As shown ear-
lier, 5 it is only possible to deduce average molecular orienta-
tions from SHG if the nonlinear susceptibility tensor is 
dominated by a single component 
xi2 > = N <attn. <6> 
where am is the nonlinear polarizability of a single molecule, 
; is a molecular axis, N is the number of molecules per unit 
surface area, and the brackets signify an average over molec-
ular orientations. 
Since the molecular nonlinearity arises mainly from the 
rr electrons, 19 the spatial directions of the rr bonds should 
determine the polarization of the generated second harmon-
ic radiation. Unfortunately since each monomer has two rr 
bonds whose spatial orientations are independent of one an-
other, there is no unequivocable transformation from the 
observed SH polarization to a molecular orientation at the 
surface. However, for the polymer, the only rr electrons are 
found in the C=O bond and the observed p-polarization of 
the SH signal suggests that the C=O bond is directed per-
pendicular to the water surface. This conclusion is in agree-
ment with both theoretical predictions 11 and analysis of po-
l . d IR 12-14 f L . anze spectra o angmmr-Blodgett monolayers 
and multilayers of these systems. 
In conclusion, we have shown that optical SHG is a 
viable technique to study a chemical reaction like polymer-
ization on a monolayer scale. This technique enables us to 
follow the kinetics of the reaction and also yields informa-
tion about the orientation of molecules at the interface. As 
we have demonstrated, this method is applicable even in the 
case of polymerization of simple vinyl and methacrylate 
monomers, whose optical nonlinearity is very small (com-
parable to that of the water surface) . 
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